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Chemosensory sensitivity reflects 
reproductive status in the ant 
Harpegnathos saltator
Majid Ghaninia1,2, Kevin Haight1, Shelley L. Berger3, Danny Reinberg4, Laurence J. Zwiebel5, 
Anandasankar Ray6 & Jürgen Liebig1
Insects communicate with pheromones using sensitive antennal sensilla. Although trace amounts of 
pheromones can be detected by many insects, context-dependent increased costs of high sensitivity 
might lead to plasticity in sensillum responsiveness. We have functionally characterized basiconic 
sensilla of the ant Harpegnathos saltator for responses to general odors in comparison to cuticular 
hydrocarbons which can act as fertility signals emitted by the principal reproductive(s) of a colony to 
inhibit reproduction by worker colony members. When released from inhibition workers may become 
reproductive gamergates. We observed plasticity in olfactory sensitivity after transition to reproductive 
status with significant reductions in electrophysiological responses to several long-chained cuticular 
hydrocarbons. Although gamergates lived on average five times longer than non-reproductive workers, 
the shift to reproductive status rather than age differences matched the pattern of changes in olfactory 
sensitivity. Decreasing sensillum responsiveness to cuticular hydrocarbons could potentially reduce 
mutually inhibitory or self-inhibitory effects on gamergate reproduction.
Chemosensory-based signaling represents one of the major modalities of animal communication1. It includes the 
use of pheromones to attract mates, mark territories, or regulate the organization of insect societies2. Although 
the olfactory system is often adapted to perceive and/or respond to trace-levels of pheromones (e.g. refs 3 and 4), 
the sensitivity to these semiochemicals can vary depending on context5, 6. If high sensitivity is disadvantageous, 
the olfactory system should show adaptations to counter such negative effects. Such adaptations may occur in 
eusocial insects where some individuals inhibit reproduction of colony members through pheromones7, 8.
Colonies of ants are defined by their reproductive division of labor similar to other eusocial insects: the brood 
of reproductive specialists, usually morphological queens, is raised by related, but non-reproductive, female help-
ers. These helpers, who are morphological workers, are still capable of producing their own offspring in most spe-
cies. One of the major mechanisms involved in the regulation of worker reproduction is pheromonal inhibition 
by the queen of the colony9–12. However, when inhibitory pheromones are detected, they may not only affect the 
workers but also the queens through self-inhibition or mutual inhibition in the presence of multiple queens7, 13, 14, 
which, in turn, may lead to chemosensory system adaptations.
One group of odorants that is of major importance to reproductive regulation in social insects is part 
of the lipid surface of the cuticle, and is collectively known as the cuticular hydrocarbons (CHCs). Such 
low-to-nonvolatile CHC bouquets are predominantly blends of n-alkanes, methyl-branched alkanes, and 
alkenes15. Furthermore, CHC profiles differ between reproductive queens and workers within colonies10, 16–19 
and between members of different colonies20. These differences are used to identify colony membership and 
to regulate reproduction among colony members which are both required for efficient colony organization in 
insect societies (e.g. refs 9, 10, 19–23). Despite the importance of CHCs for colony organization, only a paucity of 
studies has attempted to unravel the mechanisms underlying the peripheral olfactory detection and downstream 
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responses of CHCs using electroantennography9, 24, antennal lobe calcium imaging25, single sensillum recording26 
and tip recording27, 28.
We investigated the responsiveness of antennal sensilla to general odorants and long-chained hydrocarbons 
in Jerdon’s jumping ant, Harpegnathos saltator. In this species, worker ovaries remain inactive in the presence of a 
morphologically distinct, reproductive queen. However, in queenless colonies, some previously non-reproductive 
workers activate their ovaries to gradually become reproductive workers, termed gamergates, over a period of 
two to three months29, 30. During this transition to fertility, the CHC profile of formerly non-reproductive work-
ers changes to that of established gamergates29. Distinct qualitative and quantitative differences between worker 
and gamergate CHC profiles are hypothesized to be perceived as chemical signals that regulate reproduction and 
dominance interactions within a colony29, 31 and mutually affect the ovarian activity of gamergates.
We demonstrate that olfactory sensory neuron (OSN) responses of female-specific antennal sensilla basicon-
ica of H. saltator to discrete CHCs decrease with the transition from non-reproductive worker to gamergate. 
This decrease in responsiveness is in line with the hypothesis of mutual pheromonal inhibition in insect societies 
with multiple reproductives or pheromonal self-inhibition in response to long-chained cuticular hydrocarbons 
as general fertility signals.
Results
Cuticular hydrocarbons are detected by sensilla basiconica on the antenna. Each antenna of 
H. saltator workers and gamergates consisted of 10 flagellomeres which are covered by a number of hair-like 
cuticular protrusions known as sensilla (Fig. 1). Of the different morphological types of sensilla (coeloconica, 
trichodea, and basiconica), the sensilla basiconica represent a sex-specific sensillar type present exclusively in 
females of many ant species32–34 including H. saltator. Overall across a single antenna, approximately 66% of 
sensilla were s. trichodea, 26% were s. basiconica, and 8% were s. coeloconica with the highest number of s. 
basiconica present on the last flagellomere in size-matched non-reproductive workers and gamergates (Figs 1 and 
S1 and Supplementary Tables S1 and S2, Wilcoxon matched pairs test: for each comparison of last flagellomere 
versus others N = 10, T = 0, p < 0.05 with Bonferroni correction for multiple comparisons). Because it appears 
that s. basiconica of female ants house a large number of OSNs32, the sorting of individual OSN action potentials 
by amplitude was precluded.
To measure the electrophysiological activity of collective OSNs housed in sensilla basiconica that were 
mainly present in the terminal antennal flagellomere, we employed the single-sensillum recording (SSR) tech-
nique regularly used for insects of varying species, including ants26, 35–37. We tested their responses to a panel of 
9 methyl-branched alkanes, 20 linear alkanes, and 1 alkene (Z-9-tricosene), ten of which were present in the 
CHC profile of H. saltator (Supplementary Table S3). Except Z-9-tricosene, the other hydrocarbons are com-
monly present in the CHC profiles of other ant species assuming that branched alkanes are represented by R 
isomeres15, 38. To compare these CHC-elicited responses with those elicited by non-HCs, we also included 14 gen-
eral odors in our panel of compounds (Supplementary Table S3). In order to investigate whether different classes 
of sensilla may be present among this group of sensilla basiconica, we examined the frequency distribution of 
responsiveness, where multiple peaks in the distribution would suggest different sensillum types. The frequency 
Figure 1. Antennal olfactory sensilla of a female Harpegnathos saltator. Scanning electron micrograph showing 
an overview of a distal segment covered with sensilla basiconica (SB), trichodea (ST), coeloconica (SC), and 
chaetica (SCh). The latter were not included in the counts as they are not involved in olfaction.
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distribution of sensillum responses to our panel of 44 odorants did not significantly differ from a normal distribu-
tion (Kolmogorow-Smirnov test, d < 0.178, p > 0.2) consistent with sampling from a mostly uniform population 
of sensilla.
Out of 17 recordings made from non-reproductive workers, all s. basiconica displayed an excitatory signaling 
mode, albeit with varying response profiles (Fig. 2). With the sole exception of Z-9-Tricosene (C23:1) which 
evoked only modest responses, all other hydrocarbons tested, including methyl-branched alkanes as well as short- 
and long-chained alkanes elicited robust responses (Fig. 2). Given our specific interest in CHCs, we established 
dose-response curves for six compounds for 1 month old workers. The minimum sensitivity is achieved between 
10−3 and 10−2 µg/µl, while a plateau sensitivity is reached between 1 and 10 µg/µl in most cases (Fig. 2B). Therefore, 
the 10 µg/µl concentration used for all CHC in the non-reproductive worker to gamergate comparison seems ade-
quate. This impression is corroborated by the uniformly strong response to CHCs of our panel. Similarly, apart 
from the weak to moderate responses to acetic acid, formic acid, and ethyl acetate, strong responses were elicited 
from the general odors in our test panel (Fig. 2B). Overall, the s. basiconica sampled here displayed a phasic-tonic 
response dynamic pattern indicated by an abrupt increase in spike frequency that continued well beyond the 
stimulus delivery and was followed by a decrease in spike frequency (Fig. 2A). Although we observed multiple 
spike amplitudes corresponding to different OSNs associated with individual sensilla (Fig. 2A), we were unable to 
distinguish the functional characteristics of the numerous individual OSNs using currently available technology. 
Therefore, we calculated the summed activity of total OSNs associated with individual sensilla39.
Gamergates show a lower responsiveness to CHCs in sensilla basiconica. In order to examine 
changes in CHC responses after achieving reproductive status, we next measured the antennal basiconic SSR 
responses to the hydrocarbons in gamergates without age distinction. The general kinetic characteristics of the 
responses, including signaling mode, temporal pattern, and the selectivity of the sensilla, resembled those of 
workers (Fig. 2A). Single sensillum recordings of s. basiconica nevertheless revealed significant differences in the 
extent of sensilla responses between non-reproductive worker and gamergate s. basiconica (Repeated measures 
ANOVA, df = 1, F = 4.88, p < 0.05). In fact, the magnitude of sensilla responses to eleven hydrocarbons out of 
25 methyl-branched alkanes and straight-chain alkanes with chain length equal or above 23 was significantly 
lower in gamergates compared to non-reproductive workers (Fig. 2C). In addition, ten out of the remaining 
14 hydrocarbons of this group consistently triggered lower levels of responsiveness in s. basiconica that were 
Figure 2. S. basiconica responses of H. saltator females to an odorant panel. (A) Response patterns of 
antennal sensilla basiconica of a worker and gamergate to 0.5 s non-hydrocarbon (2,3-butanedione) and long-
chained hydrocarbon (Nonatriacontane, C39) stimuli. (B) Dose response curves for six hydrocarbons for 1 
month old workers. N = 4 individuals for concentration 0.001 to 1 µg/µl; N = 5 individuals, n = 18 sensilla for 
concentration 10 µg/µl based on data from Fig. 4. (C) Antennal basiconic SSR responses to 44 hydrocarbons 
and general odorants in workers and gamergates of H. saltator with mean and SEM. Stars indicate statistically 
significant differences between the two groups at p < 0.05 (Repeated measures ANOVA, df 1F > 4.3).
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non-significant, but with a p-value between 0.05 and 0.1 (Repeated measures ANOVA, df = 1, 3.1 < F < 3.9). 
In contrast, antennal basiconic SSR responses to non-hydrocarbons (general odors) did not differ significantly 
between gamergates and non-reproductive workers nor were the differences in the p-range of 0.05 to 0.1; in these 
assays, both non-reproductive workers and gamergates displayed weak-to-moderate responses to acetic acid, 
formic acid, and ethyl acetate, as well as robust responses to the remaining general odors (Fig. 2C).
Given the consistently lower sensilla basiconica responsiveness to long-chained branched or unbranched 
alkanes in gamergates, we tested whether the difference between gamergate and non-reproductive worker respon-
siveness was due to this group of compounds. When testing these hydrocarbons separately, differences between 
gamergates and non-reproductive workers were still significant (Repeated measures ANOVA: df = 1, F = 6.58, 
p < 0.05), while the levels of responsiveness to the rest of the odorants together did not show a significant differ-
ence between the two groups of workers (Repeated measures ANOVA, df = 1, F = 1.39, p > 0.24).
Fertility status, not age, underlies reduced responsiveness to CHCs. Because gamergates live about 
five times longer on average than workers (1103 days, N = 55, versus 219 days, N = 61, Fig. 3), the differential 
response may be related to longevity as well as altered reproductive status. To begin to examine this question, we 
repeated the sensillum recording with age-controlled workers and gamergates with a smaller panel of 12 com-
pounds representing five general odorants, six long-chained hydrocarbons in the range of compounds typically 
present on ant cuticles, and undecane, a volatile hydrocarbon (Fig. 4A).
Consistent with what was observed with the larger odorant panel, the s. basiconica responses were normally 
distributed, and multiple peaks in the distribution were absent (Kolmogorow-Smirnov test, d < 0.086, p > 0.2). 
The overall comparison among the fertility and age classes showed significant differences in the levels of sensilla 
basiconica responsiveness (Linear mixed model, df = 4, F = 4.2, p < 0.02). As expected, there was also a signifi-
cant interaction between group of compounds and fertility and age class (Linear mixed model, df = 8, F = 24.3, 
p < 0.001). Given the differences in levels of sensilla responses to the three groups of compounds in the previous 
experiment, we analyzed them separately.
Levels of s. basiconica responsiveness to general odorants did not differ significantly among the 
non-reproductive workers and gamergates and there was no discernible response pattern (e.g. insofar as age 
or fertility class) for the volatile short-chained hydrocarbon undecane (Fig. 4A,B). In contrast, the sensillum 
responses to the group of six long-chained hydrocarbons that were tested were significantly lower in 7- and 
36-month old gamergates compared to all other classes of individuals (Fig. 4B). This difference seemed to be 
due to a reduction of the magnitude of sensillum response at the shift from 3- month to 7-month old gamergates 
which was after the new reproductive status has been established and accordingly, dominance fights have ceased 
in the colony (Fig. 4B). When summarizing all sensillum responses for classes of individuals and for compound 
classes, the average response from sensilla basiconica of both non-reproductive workers and gamergates was very 
consistent for general odorants (Fig. 4C), but there was an average reduction of 31% in the sensillum respon-
siveness to long-chained hydrocarbons at the transition from 3-month to 7-month old gamergates (Fig. 4D). 
Interestingly, this reduction in response in gamergates remained relatively steady for at least 29 months.
Chronological versus biological age. Given that in H. saltator colonies, reproductive individuals age dif-
ferently than non-reproductive individuals like in other social insects (e.g. ref. 40) we also brought biological age 
differences into this analysis by comparing non-reproductive workers and gamergates at their similar biological 
age rather than their chronological age (see e.g. ref. 41) The two oldest groups of non-reproductive workers and 
gamergates were close to their mean longevity (worker: 219 versus 210 days = 7 months; gamergates: 1103 versus 
Figure 3. Longevity of H. saltator females and reproductive status. Differential longevity of gamergates 
(N = 55) and non-reproductive workers (N = 61) of H. saltator (t-test, t = 13.4, df = 114, p < 0.00001, data of 21 
non-reproductive worker samples were also used in Haight, 201243.
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1095 days = 36 months; Fig. 3). In the same light, the youngest age class of non-reproductive workers corre-
sponded to 8.2% of their mean longevity, while the youngest gamergate group attained 13.7% of their mean lon-
gevity. Sensillum responsiveness to CHCs in relatively young workers versus relatively young gamergates was not 
statistically significant, while it was for individuals at their respective mean longevity (Fig. 4D). Responsiveness 
in gamergates to CHCs did not gradually change with increasing biological age but shifted sharply at an early 
biological age in gamergates between three and seven months of their life.
Discussion
We have used physiological tools to analyze the changes occurring in the peripheral olfactory system of H. sal-
tator during non-reproductive worker to gamergate transitions in order to identify potential adaptations that 
underlie mutual pheromonal inhibition by reproductive individuals in insect societies. Our data indicate that the 
peripheral olfactory system of female H. saltator contains sensory cells that are very sensitive to a range of CHCs. 
Moreover, the level of responsiveness is plastic, most notably changing with reproductive status. When compared 
to 7- and 36-month old gamergates, non-reproductive workers regardless of age as well as newly-transitioned 
3-month old gamergates displayed antennal OSNs that are on average more responsive to long-chained CHCs. 
The reduction in responsiveness in older gamergates 4 months after the transition to reproductive status and 
beyond is consistent with a model in which the inhibitory effects of a CHC-based fertility signals are diminished 
through adaptations of the olfactory system that reduce pheromonal sensitivity to levels that are consistent with 
reproductive activity.
Our data demonstrate that the peripheral hydrocarbon detection system in worker and gamergate H. sal-
tator is plastic which, in turn, could act to reduce the otherwise inhibitory effect of CHC-based fertility signals 
on ovarian activity in older gamergates. In fact, exposure to a CHC-based fertility signal in a Lasius ant or to a 
volatile queen-derived pheromone in the fire ant Solenopsis invicta has been shown to indeed reduce ovarian 
activity in queens13, 14. This type of reproductive regulation has been hypothesized to be a general characteristic 
in eusocial insects7, 8. In H. saltator, fertile egg production and longevity is an important characteristic of gamer-
gates. Therefore, we expect the evolution of mechanisms that reduce the otherwise inhibitory effect of CHC-based 
Figure 4. Worker group specific sensillum responsiveness. (A) Sensillum responses of non-reproductive 
workers and gamergates of defined age to a panel of twelve odorants with mean and SEM. (N: number of 
individuals, n: number of sensilla). (B) Differences in the levels of s. basiconica responsiveness to different 
groups of compounds. Significant differences in the posthoc comparisons are highlighted (Linear mixed model 
with Fisher’s LSD and Holm-Bonferroni correction) (1 and 7 month non-reproductive workers: 1 mW and 
7 mW; 3, 7, and 36 month gamergate: 3 mG, 7 mG, and 36 mG), (C) Pooled sensillum responses (mean ± SEM) 
for compound and fertility and age class from panel c for general odors and (D) for long-chained hydrocarbons. 
Note that error bars do mostly not exceed the size of the marker for the average.
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fertility signals on workers that are in the gamergate state. Furthermore, because gamergates remain in the nest 
and only interact with nestmates, they do not require the same high responsiveness to long-chained hydrocar-
bons present on insect cuticles as non-reproductive workers. On the other hand, non-reproductive workers are 
generally involved in colony maintenance, rearing offspring, foraging for food, and monitoring each other’s fer-
tility31, tasks where higher responsiveness to CHCs would be beneficial. When workers are newly transitioned 
from non-reproductive to reproductive status within 2- to 3-months, high responsiveness to CHCs might still 
be needed (Fig. 2D), as they are still very much involved in frequent dominance interactions and discrimination 
of small differences in the CHC-based fertility signal of opponents is important29. Thus, it is not surprising that 
responsiveness to our CHC panel was not reduced in 3-month old gamergates who were at the end of the transi-
tionary phase to established gamergate status when their CHC-based fertility signals just became more distinct29.
It is important to note, that we cannot exclude the role of compensatory peripheral responses to reduced CHC 
responsiveness of s. basiconica, or the importance of integrative and other forms of sensory signal enhancement 
in the ant’s central brain. However, it seems more parsimonious to assume a reduction of general sensitivity to 
CHCs compatible with the ontogeny of gamergate establishment and the associated benefits of modulating CHC 
sensitivity rather than invoking a peripheral sensitivity reduction associated with central brain compensation for 
reduced responsiveness.
Materials and Methods
Ants. Colonies of H. saltator were descendants of colonies collected in 1994, 1995, and 1999 in the west-
ern Ghats in southern India42 and transferred to the laboratory where they were kept at 25 °C under a 12:12 
light:dark cycle. Ants were maintained in closed clear plastic boxes (Pioneer Plastics, Inc., North Dixon, KY, 
190 mm long × 135 mm wide 95 mm high) filled with a 25 mm layer of plaster (Modern Materials Labstone Blue, 
Heraeus Kulzer, LLC., South Bend, IN) with a nest cavity that was covered with a glass plate. Fluon (Northern 
Products, Inc., Woonsocket, RI) was applied to the insides of the nest box walls to inhibit escapes when the lids 
were removed. The plaster floor was regularly sprayed with deionized water.
For the determination of status-dependent longevity, non-reproductive workers and gamergates of known 
ages were sampled from nests established using ants of uniform age. These were created by taking 8–12 ants from 
their natal colonies on the day they eclosed as adults and placing them together in nest boxes. Twenty such boxes 
were established using 27 lab colonies as sources. The ants in each box were uniquely wire marked43 and provided 
with small (1st and 2nd instar) larvae in a 1:1 adult: larva ratio. One week after each box was established 1–2 male 
pupae and 1–2 male adults were provided each box to provide mating opportunities. The boxes were provisioned 
with crickets twice a week; pre-stung crickets were provided initially until the ants darkened/hardened enough to 
safely sting crickets for themselves. Individuals in each box were tracked to determine which became gamergates 
and which remained non-reproductive workers. Individuals were considered to be gamergates if they displayed 
slow movements within the nest, maintained a zone of space around themselves, exhibited high posture, and were 
observed laying eggs. Individuals were considered to be non-reproductive workers if they displayed fast move-
ments within the nest, exhibited low posture/deference to known or putative gamergates, and were observed out-
side the nest. These behavioral observations were made regularly for each individual one month and two months 
after establishment and haphazardly thereafter.
For the initial comparison of sensillum responsiveness between non-reproductive workers and gamergates, 
individuals of undetermined age were collected from colonies all originating from the genetic background of 
colony R22 which was used for genome sequencing44. Behavioral determination was the same as for the determi-
nation of longevity.
For the age- and reproductive-specific determination of sensillum responsiveness, non-reproductive workers 
and gamergates were collected from colonies set up as in the experiment for the determination of longevity. One 
month old workers, however, had eclosed in the same colony where they were wire-marked and later collected for 
neurophysiological analysis.
Scanning Electron Microscopy and Analyses of the Antennae. We determined whether numbers 
of the sensilla basiconica, s. trichodea, and coeloconica differ between the two worker states by analyzing scan-
ning electron microscopy images of whole antenna. Antennae of adult female ants were separated from the head 
capsule and mounted dorsally, ventrally, or laterally on a specimen holder. The samples were then coated with 
gold palladium in a Technics Hummer II sputter-coater and imaged in a JEOL JSM-6300 SEM operated at 15 kV. 
Images of individual flagellomeres were acquired with an IXRF Systems Model 500 digital processor. We counted 
three distinct sensillum types assumed to be olfactory: trichodea, basiconica, and coeloconica. For the identifi-
cation of sensilla types, we used the descriptions previously published for other ant species32. As only the sensilla 
on the side facing upward were counted, the counts were doubled to obtain the total number of sensilla per flag-
ellomer segment.
Preparation of Ants for Electrophysiology. For extracellular recordings, CO2-anesthetized ants were 
placed ventrally on a microscope slide (75 × 25 × 1 mm) that had been covered with a thin layer of modeling clay. 
To prevent the insects from moving, a piece of clay was put on the dorsal part of the body (except the antennae) 
and pushed against the underlying clay. The antennae were then gently mounted on the underlying clay and 
viewed through an Olympus BX51WI light microscope at 60× and 750× magnification, which allowed us to 
visualize the sensilla of interest for extracellular recordings.
Extracellular Recordings. Recordings from antennal sensilla basiconica were performed according to the 
protocols described earlier for other insect species (e.g. refs 36 and 37). For the extracellular recordings we used 
two electrodes. The ground electrode was a silver wire pierced through the thorax. The recording electrode was 
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a borosilicate capillary glass (World Precision Instruments Inc., FL) that was pulled and sharpened to 1–2 μm 
tip diameter by an electro puller (Sutter Instrument Co., Model P-2000, CA). The recording electrode was filled 
with insect ringer’s solution and slipped over a silver wire, and was then gently inserted into the base of a sen-
sillum until electrical contact with sensory neurons was established. Signals were directed to an AC/DC differ-
ential amplifier (A-M Systems, Inc., Model 3000, USA) and were subsequently digitized using a digitizer (1440 
A Digidata, Axon Devices, USA). Delivery of all the compounds (Supplementary Table S3) was conducted by 
puffing 2.5 ml of the odor cartridges with a 0.5 s air pulse supplied by a stimulus controller (CS-55, Syntech, The 
Netherlands) into a constant 89 ml/min humidified main airflow passing over the preparation in a glass tube. 
Quantification of spikes was carried out offline using Clampfit 10.3 software. We found, while looking through 
the spike amplitude differences of single recordings, that the sensory neurons housed in single sensilla are too 
feasibly sorting them out. Therefore, the summed activity of neurons was presented throughout this study. The 
number of spikes counted during a 0.5 s stimulus delivery period was subtracted from the number of spikes 
during a 0.5 s prestimulus period, and the outcome was multiplied by 2 to achieve the summed activity of s. 
basiconicum-associated sensory neurons as a spikes/s measurement for each recording.
Dose Response Curves. For dose-response curves, six hydrocarbons including S3-Me-C27, 9-Me-C27, 
Tritriacontane (C33), Nonacosane (C29), Hexacosane (C26), and Tricosane (C23) were presented at increasing 
doses in linear steps ranging from 0.001 to 10 µg/µl. All the stimuli were tested on individual sensilla. Individual 
sensilla were always tested from the lowest to highest concentrations. Except for 10 µg/µl, each concentration was 
tested four times (nrecording = 4) on four young individual workers (Nindividual = 4). The data associated with 10 µg/
µl were derived from the large panel. After each run, stimuli were randomized for concentrations 0.001 to 1 µg/µl. 
Delivery of the compounds and analysis of the responses were done as described above.
Compounds and Their Delivery Procedure. To assess the physiological activity of OSNs housed in single 
sensilla, a panel of 30 chemical compounds representing the major classes of CHCs (i.e. n-alkanes and alkenes, 
and methyl-branched alkanes) as well as 14 general odors were used with either pentane or paraffin oil as solvent 
at concentrations of 1 or 10 µg/µl applied directly into the glass pipette or onto a piece of filter paper inside the 
glass pipette, respectively (Supplementary Table S3). We used the same concentrations used in a series of ant 
papers26, 45, 46 so that results could be compared across these studies. Because it is difficult to predict the precise 
concentration reaching the antenna of an ant in close proximity, antennating and at times touching another ant, 
or to determine the precise concentration reaching the antenna in our electrophysiology setup, we had added 
the dose-response curves for some of the most robust ligands identified. Delivery of the compounds was per-
formed according to Ghaninia et al.36. However, due to their nonvolatile nature at ambient temperature, delivery 
of CHCs heavier than C23 was facilitated by applying an approximately 0.5 s heat shock using a micro torch after 
the solvent completely evaporated (BernzOmatic, NY, USA). We excluded any effects of heating on compound 
integrity by absorbing the delivered compound on an SPME fiber (Supelco, 30 µm polydisiloxane) that was sub-
sequently validated using gas-chromatography together with mass-spectrometry with all parameters as in Moore 
and Liebig47 except that the injection port was set to 260 °C. All compounds produced a single sharp peak that 
was identical to the non-heated compounds. Although the whole panel of compounds was delivered to the work-
ers and gamergates of unspecified age, and 3- and 36-month old gamergates, only a subset of these compounds 
was applied to 1- and 7-month old non-reproductive workers, and 7-month-old gamergates. In addition to the 
delivery of the above-mentioned compounds controls consisting of paraffin oil, water, pentane, and heat were also 
used. Minor responses to controls were subtracted from those elicited by the odor panel. Responses to controls 
of the same magnitude as the responses to odorants, however, were criteria to withdraw all recordings from this 
sensillum.
Statistical Analysis of Sensillum Responsiveness. The two datasets were analyzed with repeated 
measures ANOVA and a linear mixed model, respectively. The first dataset consisted of single recordings per 
individual, while in the second dataset with the reduced compound panel, multiple sensilla per individual were 
tested. Although both of the datasets were normally distributed, we transformed the dataset for the 44 odorant 
panel between gamergates and non-reproductive workers using y = ln(80 + x) to reduce heteroscadicity. After 
transformation, only six compounds deviated significantly from homoscedasticity (Hartley-Cochran-Bartlett 
test, 0.05 < p < 0.01). Given that the sample sizes of the two groups are nearly equal (Gamergates: N = 18, 
non-reproductive workers: N = 17), ANOVA is robust to such minor deviations from homoscedasticity48. With 
the transformation, the dataset showed sphericity (Mauchly’s Test of Sphericity: W = 0, Chi-Squ = 973, df = 989, 
p > 0.63). We applied Duncan’s posthoc test for this dataset. Given that we tested multiple compounds per sen-
sillum, responses to single compounds represent the repeated measurements. The levels of responsiveness to 
the twelve odorant panel for the age-controlled status comparison (Fig. 2) showed homogeneity of variances 
(Hartley-Cochran-Bartlett test, p > 0.08). Due to the presence of multiple measurements per individual, we used 
a linear mixed model with odorant, individual and sensillum nested in individual as random effects, age-specific 
fertility status and group of odorants as fixed effects, and level of sensillum responsiveness as dependent varia-
ble. An identity matrix was chosen for the random effects. Pairwise comparisons were investigated with Fisher’s 
LSD test and subsequent Holm-Bonferroni correction for multiple comparisons. IBM SPSS 22 (IBM) and 
STATISTICA 7.1 (StatSoft) were used for the analysis.
References
 1. Bradbury, J. W. & Vehrencamp, S. L. Principles of animal communication. 2 edn, 697 (Sinauer Associates Inc., 2011).
 2. Wyatt, T. D. Pheromones and Animal Behavior: Chemical signals and signatures. 2 edn, (Cambridge University Press, 2014).
 3. Sakurai, T., Namiki, S. & Kanzaki, R. Molecular and neural mechanisms of sex pheromone reception and processing in the silkmoth 
Bombyx mori. Front. Physiol. 5, doi:12510.3389/fphys.2014.00125 (2014).
www.nature.com/scientificreports/
8Scientific RepoRts | 7: 3732  | DOI:10.1038/s41598-017-03964-7
 4. Leal, W. S. Odorant reception in insects: Roles of receptors, binding proteins, and degrading enzymes. Annu. Rev. Entomol. 58, 
373–391, doi:10.1146/annurev-ento-120811-153635 (2013).
 5. Lebreton, S. et al. Love makes smell blind: mating suppresses pheromone attraction in Drosophila females via Or65a olfactory 
neurons. Sci. Rep. 4, doi:711910.1038/srep07119 (2014).
 6. Riffell, J. A. Olfactory ecology and the processing of complex mixtures. Curr. Opin. Neurobio. 22, 236–242, doi:10.1016/j.
conb.2012.02.013 (2012).
 7. Keller, L. & Nonacs, P. The role of queen pheromones in social insects: queen control or queen signal? Anim. Behav. 45, 787–794 (1993).
 8. Seeley, T. D. Honeybee ecology: a study of adaptation in social life. (Princeton University Press, 1985).
 9. Holman, L., Jorgensen, C. G., Nielsen, J. & d’Ettorre, P. Identification of an ant queen pheromone regulating worker sterility. Proc. R. 
Soc. B 277, 3793–3800 (2010).
 10. Van Oystaeyen, A. et al. Conserved class of queen pheromones stops social insect workers from reproducing. Science 343, 287–290, 
doi:10.1126/science.1244899 (2014).
 11. Hoover, S. E. R., Keeling, C. I., Winston, M. L. & Slessor, K. N. The effect of queen pheromones on worker honey bee ovary 
development. Naturwissenschaften 90, 477–480 (2003).
 12. Matsuura, K. et al. Identification of a pheromone regulating caste differentiation in termites. Proc. Natl. Acad. Sci. USA 107, 
12963–12968 (2010).
 13. Holman, L., Leroy, C., Jorgensen, C., Nielsen, J. & d’Ettorre, P. Are queen ants inhibited by their own pheromone? Regulation of 
productivity via negative feedback. Behav. Ecol. 24, 380–385, doi:10.1093/beheco/ars174 (2013).
 14. Vargo, E. L. Mutual pheromonal inhibition among queens in polygyne colonies of the fire ant Solenopsis invicta. Behav. Ecol. 
Sociobiol. 31, 205–210 (1992).
 15. Martin, S. & Drijfhout, F. A review of ant cuticular hydrocarbons. J. Chem. Ecol. 35, 1151–1161 (2009).
 16. Monnin, T. Chemical recognition of reproductive status in social insects. Ann. Zool. Fennici 43, 515–530 (2006).
 17. Le Conte, Y. & Hefetz, A. Primer pheromones in social hymenoptera. Annu. Rev. Entomol. 53, 523–542 (2008).
 18. Peeters, C. & Liebig, J. Fertility signaling as a general mechanism of regulating reproductive division of labor in ants in Organization 
of Insect Societies: From Genome to Socio-Complexity (eds J. Gadau & J. Fewell) 220–242 (Harvard University Press, 2009).
 19. Liebig, J. Hydrocarbon profiles indicate fertility and dominance status in ant, bee, and wasp colonies in Insect Hydrocarbons: Biology, 
Biochemistry, and Chemical Ecology (eds G. J. Blomquist & A. G. Bagnères) 254–281 (Cambridge University Press, 2010).
 20. van Zweden, J. S. & D’Ettorre, P. Nestmate recognition in social insects and the role of hydrocarbons in Insect hydrocarbons: Biology, 
biochemistry, and chemical ecology (eds G. J. Blomquist & A. G. Bagnères) 222–243 (Cambridge University Press, 2010).
 21. Smith, A., Hölldobler, B. & Liebig, J. Cuticular hydrocarbons reliably identify cheaters and allow enforcement of altruism in a social 
insect. Curr. Biol. 19, 78–81 (2009).
 22. Smith, A. A., Millar, J. G., Hanks, L. M. & Suarez, A. V. Experimental evidence that workers recognize reproductives through 
cuticular hydrocarbons in the ant Odontomachus brunneus. Behav. Ecol. Sociobiol 66, 1267–1276 (2012).
 23. Endler, A. et al. Surface hydrocarbons of queen eggs regulate worker reproduction in a social insect. Proc. Natl. Acad. Sci. USA 101, 
2945–2950 (2004).
 24. D’Ettorre, P., Heinze, E., Schulz, C., Francke, W. & Ayasse, M. Does she smell like a queen? Chemoreception of a cuticular 
hydrocarbon signal in the ant Pachycondyla inversa. J. Exp. Biol. 207, 1085–1091 (2004).
 25. Brandstaetter, A. S. & Kleineidam, C. J. Distributed representation of social odors indicates parallel processing in the antennal lobe 
of ants. J. Neurophysiol. 106, 2437–2449 (2011).
 26. Sharma, K. R. et al. Detection of cuticular hydrocarbon pheromones by the ant antenna. Cell Reports 12, 1261–1271 (2015).
 27. Ozaki, M. et al. Ant nestmate and non-nestmate discrimination by a chemosensory sensillum. Science 309, 311–314, doi:10.1126/
science.1105244 (2005).
 28. Kidokoro-Kobayashi, M. et al. Chemical discrimination and aggressiveness via cuticular hydrocarbons in a supercolony-forming 
ant, Formica yessensis. PLoS One 7, doi:10.1371/journal.pone.0046840 (2012).
 29. Liebig, J., Peeters, C., Oldham, N. J., Markstädter, C. & Hölldobler, B. Are variations in cuticular hydrocarbons of queens and 
workers a reliable signal of fertility in the ant Harpegnathos saltator? Proc. Natl. Acad. Sci. USA 97, 4124–4131 (2000).
 30. Penick, C. A., Brent, C. S., Dolezal, K. & Liebig, J. Neurohormonal changes associated with ritualized combat and the formation of a 
reproductive hierarchy in the ant Harpegnathos saltator. J. Exp. Biol. 217, 1496–1503 (2014).
 31. Liebig, J., Peeters, C. & Hölldobler, B. Worker policing limits the number of reproductives in a ponerine ant. Proc. R. Soc. Lond. B 
266, 1865–1870 (1999).
 32. Nakanishi, A., Nishino, H., Watanabe, H., Yokohari, F. & Nishikawa, M. Sex-specific antennal sensory system in the ant Camponotus 
japonicus: structure and distribution of sensilla on the flagellum. Cell Tissue Res 338, 79–97 (2009).
 33. Mysore, K., Shyamala, B. V. & Rodrigues, V. Morphological and developmental analysis of peripheral antennal chemosensory 
sensilla and central olfactory glomeruli in worker castes of Camponotus compressus (Fabricius, 1787). Arthropod Struc. Dev 39, 
310–321 (2010).
 34. Ramirez-Esquivel, F., Zeil, J. & Narendra, A. The antennal sensory array of the nocturnal bull ant Myrmecia pyriformis. Arthropod 
Struc. Dev 43, 543–558 (2014).
 35. de Bruyne, M., Foster, K. & Carlson, J. R. Odor coding in the Drosophila antenna. Neuron 30, 537–552 (2001).
 36. Ghaninia, M., Ignell, R. & Hansson, B. S. Functional classification and central nervous projections of olfactory receptor neurons 
housed in antennal trichoid sensilla of female yellow fever mosquitoes. Aedes aegypti. Eur. J. Neurosci. 26, 1611–1623 (2007).
 37. Ghaninia, M., Olsson, S. B. & Hansson, B. S. Physiological organization and topographic mapping of the antennal olfactory sensory 
neurons in female hawkmoths, Manduca sexta. Chem. Senses 39, 655–671 (2014).
 38. Bello, J. E., McElfresh, J. S. & Millar, J. G. Isolation and determination of absolute configurations of insect-produced methyl-
branched hydrocarbons. Proc. Natl. Acad. Sci. USA 112, 1077–1082 (2015).
 39. Yao, C. A., Ignell, R. & Carlson, J. R. Chemosensory coding by neurons in the coeloconic sensilla of the Drosophila antenna. J. 
Neurosci. 25, 8359–8367 (2005).
 40. Keller, L. & Genoud, M. Extraordinary lifespans in ants: a test of evolutionary theories of ageing. Nature 389, 958–960 (1997).
 41. Levine, M. E. Modeling the rate of senescence: Can estimated biological age predict mortality more accurately than chronological 
age? J. Gerontol. A 68, 667–674 (2013).
 42. Peeters, C., Liebig, J. & Hölldobler, B. Sexual reproduction by both queens and workers in the ponerine ant Harpegnathos saltator. 
Insectes Soc. 47, 325–332 (2000).
 43. Haight, K. L. Patterns of venom production and temporal polyethism in workers of Jerdon’s jumping ant. Harpegnathos saltator. J. 
Insect Physiol. 58, 1568–1574 (2012).
 44. Bonasio, R. et al. Genomic comparison of the ants Camponotus floridanus and Harpegnathos saltator. Science 329, 1068–1071 (2010).
 45. Pask, G. M. et al. Receptors for cuticular hydrocarbons: Candidate pheromones and cues for social insects. Nature Communications 
(in press).
 46. Slone, J. D. et al. Functional characterization of odorant receptors in the ponerine ant, Harpegnathos saltator. (submitted).
 47. Moore, D. & Liebig, J. Mixed messages: fertility signaling interferes with nestmate recognition in the monogynous ant Camponotus 
floridanus. Behav Ecol. Sociobiol. 64, 1011–1018 (2010).
 48. Glass, G. V., Peckham, P. D. & Sanders, J. R. Consequences of failure to meet assumptions underlying fixed effects analysis of 
variance and covariance. Rev. Educ. Res. 42, 237–288, doi:10.3102/00346543042003237 (1972).
www.nature.com/scientificreports/
9Scientific RepoRts | 7: 3732  | DOI:10.1038/s41598-017-03964-7
Acknowledgements
We thank David Lowry (SoLS, Electron Microscopy Laboratory, ASU) for help with SEM, Brittany Enzmann, 
Kavita Sharma, and Kelly Dolezal for their assistance, and Roberto Bonasio, Claude Desplan, Kaustubh Gokhale, 
and Xiaofan Zhou for comments. This work has been funded by the Howard Hughes Medical Institute, Hughes 
Collaboration Innovation Award (HCIA) to, S.B., Claude Desplan, J.L., A.R., D.R., and L.J.Z.
Author Contributions
M.G., L.J.Z., A.R., and J.L. conceived and designed the experiments, M.G. performed sensillum analysis and 
recording, M.G. and J.L. analyzed SSR data, K.H. performed longevity experiment, M.G., S.L.B., D.R., L.J.Z., A.R., 
and J.L. wrote the paper.
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03964-7
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
